Local and Long-Range Reciprocal Regulation of cAMP and cGMP in
Cytosolic cyclic adenosine monophosphate (cAMP) and cyclic guanosine monophosphate (cGMP) often mediate antagonistic cellular actions of extracellular factors, from the regulation of ion channels to cell volume control and axon guidance. We found that localized cAMP and cGMP activities in undifferentiated neurites of cultured hippocampal neurons promote and suppress axon formation, respectively, and exert opposite effects on dendrite formation. Fluorescence resonance energy transfer imaging showed that alterations of the amount of cAMP resulted in opposite changes in the amount of cGMP, and vice versa, through the activation of specific phosphodiesterases and protein kinases. Local elevation of cAMP in one neurite resulted in cAMP reduction in all other neurites of the same neuron. Thus, local and long-range reciprocal regulation of cAMP and cGMP together ensures coordinated development of one axon and multiple dendrites.
T he polarization of postmitotic neurons involves the differentiation of a single axon and multiple dendrites. The process of neuronal polarization begins with the specification of the axon/dendrite identity of undifferentiated neurites, followed by selective localization of molecules that are responsible for differential growth and specific functions of the axon and dendrites (1, 2) . The initial axon/dendrite specification may result from cytoplasmic asymmetry caused by the last mitotic division of the neural progenitor cell (3), the stochastic fluctuation of cytoplasmic determinants (1, 2, 4, 5) , or the action of extracellular polarizing factors (6) (7) (8) (9) (10) (11) (12) . In cultured hippocampal neurons, neuronal polarization appears to begin with selective accumulation/activation of key components into one undifferentiated neurite (1, 8, 9, (12) (13) (14) (15) (16) (17) (18) (19) ) that triggers its rapid growth and axon differentiation. To ensure the formation of one axon and multiple dendrites, axon initiation at one neurite must be accompanied by long-range signals that suppress axon formation or promote dendrite formation in other neurites. We investigated the role of two second messengers, cyclic adenosine monophosphate (cAMP) and cyclic guanosine monophosphate (cGMP), in mediating the coordinated differentiation of one axon and multiple dendrites.
Antagonistic axon/dendrite initiation by local cAMP/cGMP activity. Dissociated embryonic hippocampal neurons undergo spontaneous polarization on a uniform culture substratum, from a morphologically symmetric cell after plating to a polarized neuron exhibiting a single axon and multiple dendrites within a few days (20, 21) . First, we examined the effect of localized cAMP and cGMP activities in axon/dendrite initiation by plating these neurons on substrates coated with stripes of membrane-permeant fluorescent analogs of cAMP or cGMP [F-cAMP or F-cGMP; see supporting online material (SOM)]. The neurons were imaged at 12 hours after plating and were immunostained after further incubation of 48 hours with the axon marker Smi-312 and the somatodendritic marker MAP2. At 12 hours, cells exhibited several short neurites of similar lengths (Fig. 1, A and B) . By 60 hours, axons were found on the F-cAMP stripe or off the F-cGMP stripe, whereas dendrites were mostly found off the F-cAMP stripe or on the F-cGMP stripe (Fig. 1, A and B) . We analyzed the distribution of axon/dendrite initiation sites on the soma at 48 to 60 hours after plating, when neurons had completed the polarization process, for all polarized cells with the soma located at the stripe boundary (Fig. 1Ca) . This retrospective analysis of axon/dendrite initiation was possible because neurite initiation sites on the soma did not move during neuronal polarization (Fig.  1, A and B) . The distribution of the axon initiation site showed preference for initiation on the F-cAMP stripe and off the F-cGMP stripe, but no preference for stripes coated with bovine serum albumin (Fig. 1Cb) . The distribution of dendrite initiation sites showed opposite preference (Fig. 1Cb) . Analysis of the preference index {PI = [(% on stripe) -(% off stripe)]/100%} showed that localized cAMP and cGMP activities were sufficient to induce preferential initiation of axons and dendrites, respectively (Fig.  1D ). These effects are distinct from the known effects of cAMP and cGMP on the guidance of growth cones (22, 23) that were also revealed by the axon/dendrite pathfinding at the stripe boundary (Fig. 1, A and B) .
Next, we plated these neurons on a substrate striped with either the adenylate cyclase (AC) inhibitor SQ-22536 or the protein kinase A (PKA) inhibitor KT5720 or Rp-8-Br-cAMPS, to reduce locally basal cAMP/PKA activity. For neurons with the soma located at the stripe boundary, axons were mostly initiated off the stripes (Fig. 1, Cb and D) , similar to that found on the F-cGMP-striped substrate. Conversely, when the neurons were plated on a substrate striped with the soluble guanylate cyclase (sGC) inhibitor ODQ or the protein kinase G (PKG) inhibitor KT5823 or Rp-8-pCPT-cGMPS, axons were initiated mostly on the stripe (Fig. 1 , Cb and D), similar to that found for F-cAMP stripes. There was also a preference for the dendrite to be initiated off the ODQ/KT5823/Rp-8-pCPTcGMPS stripes, but on the SQ-22536/KT5720/ Rp-8-Br-cAMPS stripes (Fig. 1, Cb and D) . Thus, asymmetry in the basal cAMP or cGMP activity is sufficient to trigger axon/dendrite polarization, and cAMP and cGMP activities exert antagonistic actions on this process.
Reciprocal regulation between cAMP and cGMP. Antagonistic cellular actions mediated by cAMP and cGMP (23) (24) (25) (26) (27) (28) could result from opposing actions of cAMP and cGMP pathways on common cellular targets. However, crosstalk between these two pathways could also occur by reciprocal regulation between cAMP and cGMP, as suggested by findings from nonneuronal systems (28, 29) . We used genetically encoded fluorescence resonance energy transfer (FRET) reporters to examine directly the reciprocal regulation between cAMP and cGMP in cultured hippocampal neurons. The neurons were transfected 2 hours after cell plating with a construct encoding one of the three FRET reporters: indicator of cAMP using Epac (ICUE) (30), cGMP energy transfer sensor derived from PDE5A (cGES-DE5) (31), or A-kinase activity reporter (AKAR) (32) (SOM text), which were designed to monitor the amount of cAMP, cGMP, and PKA activity, respectively. All FRET measurements were made 10 to 16 hours after cell plating, before axon/dendrite differentiation (20, 21) . Bath application of the membranepermeant cAMP analog Sp-8-Br-cAMPS (20 mM) or the AC activator forskolin (20 mM) resulted in a global increase of cAMP and PKA signals in ICUE-and AKAR-expressing cells, respectively, as measured by the increase in the ratio of yellow fluorescent protein (YFP) to cyan fluorescent protein (CFP) fluorescence at the neurite (Fig. 2, A, B, D, E, and G) . In contrast, the same treatment induced a reduction of cGMP in cells expressing cGES-DE5 (Fig. 2, C, F and G) . Conversely, the membrane-permeant cGMP analog 8-pCPT-cGMP (20 mM) or the nitric oxide donor (DEA NONOate, 200 mM), which is known to activate sGC, increased cGMP (Fig.  2 , C, F and G) and reduced cAMP and PKA activity (Fig. 2, B, D, E and G).
The reciprocal regulation was also observed when the basal level of either cAMP or cGMP was modulated by altering its synthesis or degradation. Bath application of the AC inhibitor SQ-22536 (10 mM) resulted in not only the expected reduction of cAMP and PKA activity, but also in cGMP elevation (Fig. 2G) . Treatment with the sGC inhibitor ODQ (1 mM) yielded opposite effects: reduction of cGMP and elevation of cAMP and PKA activity (Fig. 2G) . Furthermore, the nonspecific phosphodiesterase (PDE) inhibitor 3-isobutyl-1-methylxanthine (IBMX, 50 mM) elevated both the basal cAMP/PKA and cGMP levels, whereas the cAMP-specific PDE4 inhibitor rolipram (1 mM) caused an expected increased cAMP/PKA level and a slight cGMP reduction (Fig. 2G) . A peptide-based assay also confirmed that IBMX could elevate PKA activity in hippocampal cultures (fig. S3Cb), and that rolipram treatment or transfection with PDE4D small interfering RNAs (siRNAs) caused similar PKA elevation in cultured HEK-293T cells ( fig. S1A ). Thus, reciprocal regulation between cAMP and cGMP is constitutively present in these developing neurons, allowing adjustment of the basal level of these cyclic nucleotides bi-directionally. The antagonistic actions of cAMP/cGMP on axon/dendrite differentiation described above ( Fig. 1 ) could be attributed directly to the reciprocal regulation between these two cyclic nucleotides.
Mechanisms underlying reciprocal regulation. In various non-neuronal systems, cGMP-induced activation of PDEs inhibits cAMP signaling by increasing cAMP hydrolysis (29, 33) . Measurements with FRET reporters in cultured neurons showed that, after pre-incubation with IBMX, subsequent addition of NO-donor (or 8-pCPTcGMP) and forskolin failed to induce reciprocal down-regulation of cAMP/PKA activity (Fig. 3 , Aa and Ab) and cGMP ( Fig. 3Ac) , respectively, demonstrating the involvement of PDEs in this reciprocal regulation. Pre-incubation with rolipram, which by itself elevated the basal level of cAMP/PKA activity ( Fig. 2G ), abolished the 8-pCPT-cGMP-induced reduction of the PKA activity (Fig. 3Ad) . The rolipram effect was specific, because the PDE2-specific inhibitor BAY 60-7550 had no effect (Fig. 3Ae) , and it was not attributable to saturated cAMP elevation caused by rolipram, because further cAMP elevation could be achieved by adding forskolin to rolipram-treated cells (Fig. 3Af) . Similarly, for the crosstalk from cAMP to cGMP, the forskolin-induced cGMP reduction could be abolished by the PDE3 inhibitor cilostamide (300 nM) ( Fig. 3Ag ) and was significantly diminished by the inhibitor of cGMP-specific PDE5 MY-5445 (30 mM) (Fig. 3Ah) . Furthermore, although an NO donor greatly reduced the forskolin-induced PKA activity (Fig. 3Ba) , it had no significant effect on the PKA activity induced by the nonhydrolyzable cAMP analog Sp-8-Br-cAMPS (Fig. 3Bb) . Similarly, forskolin suppressed NO donor-induced cGMP elevation ( Fig. 3Bc) but had no significant effect on the cGMP signal induced by the nonhydrolyzable cGMP analog 8-pCPT-cGMP (Fig. 3Bd) .
In non-neuronal systems (29, 33) , PDE activities can be modulated by PKA/PKG-dependent phosphorylation. We found that forskolin-induced cGMP reduction was prevented by KT5720 (200 nM, Fig. 3Ai) , and the reduction of PKA activity that was caused by 8-pCPT-cGMP was prevented by the PKG inhibitor KT5823 (200 nM, Fig. 3Aj ). Thus, whereas reciprocal regulation between cAMP and cGMP is modulated by specific PDEs, PKA/PKG activation might also regulate AC/sGC or selective PDEs (29, 33) . This hypothesis is supported by the finding that KT5720 alone not only reduced the PKA activity, but also increased cGMP and reduced cAMP, whereas KT5823 alone elevated cAMP/PKA and reduced cGMP (Fig. 2G) .
cGMP antagonizes the phosphorylation of axon determinants. To further explore the mechanisms underlying the antagonistic actions of cAMP and cGMP on axon initiation, we inquired whether this antagonism is reflected in the phosphorylation of LKB1 (12), GSK-3b (8, 16) , and Akt (8, 15) , which are proteins that promote axon formation after their phosphorylation. Immunoblotting of lysates of cultured cortical neurons using phosphorylation site-specific antibodies showed that elevating cAMP synthesis with forskolin caused a PKA-dependent increase of LKB1 phosphorylation at serine 431 (S431) and of GSK-3b at S9 (Fig. 3C) , and this effect correlated with the increased level of total LKB1 (12) . Furthermore, when cultures that were plated on F-cAMP stripe were transfected with siRNA to LKB1 (12) and examined at 60 hours, the polarized population of these transfected neurons showed reduction in preferential axon initiation at the stripe boundary ( fig. S2A ). Forskolin caused no detectable Akt phosphorylation at S473 (Fig. 3C) . Conversely, elevating cGMP by bath application of 8-pCPT-cGMP did not cause detectable reduction of LKB1 and GSK-3b phosphorylation (Fig.  3C) , probably because of the low resolution of the immunoblotting method. However, in HEK-293T cells expressing an LKB1 construct, 8-pCPTcGMP markedly reduced LKB1 phosphorylation and the total amount of LKB1 ( fig. S2B ). Activation of PKA activity by forskolin was confirmed in hippocampal cultures by a peptide-based assay ( fig. S3 , A and Ca), which also showed a dosedependent reduction of the basal PKA activity in these cultured neurons by 8-pCPT-cGMP treatment ( fig. S3B ). The 8-pCPT-cGMP effects on the phosphorylation and stability of LKB1 depended on the PKA site 431, because they were absent in HEK-293T cells expressing LKB1 with a serineto-alanine mutation (12) at this site ( fig. S2B) .
We further examined the mechanism underlying the effect of cGMP on PKA-dependent LKB1 phosphorylation. Bath-applied 8-pCPT-cGMP dose-dependently reduced the phosphorylation (at S431) and stabilization of LKB1 induced by forskolin in cultured cortical neurons (Fig. 3D) . This antagonistic cGMP effect was abolished by either IBMX or rolipram (Fig. 3D) , indicating that cGMP reduced the cAMP level primarily by PDE4 activation. The antagonistic effect of 8-pCPT-cGMP on LKB1 phosphorylation was largely absent when PDE-resistant Sp-8-Br-cAMPS was used instead of forskolin (Fig. 3E) . The peptide-based PKA assay also confirmed these findings in cultured hippocampal neurons ( fig. S3 ). Treatment with KT5823 resulted in a slight elevation of PKA activity in hippocampal neurons ( fig. S3Cb ) and LKB1 phosphorylation/stabilization in cortical cultures (Fig. 3F) , consistent with the FRET imaging result showing that PKA/PKG inhibition could modulate the cAMP/ cGMP level (Fig. 2) .
Perturbation of cAMP/cGMP affects neuronal polarization in vivo. We also investigated the role of cAMP/cGMP in the development of cortical neurons in vivo by elevating cAMP and reducing cGMP in newly generated cortical neurons in rat embryos. This was achieved by in utero electroporation (34) of constructs expressing enhanced green fluorescent protein (EGFP) and specific siRNAs against either cAMP-selective phosphodiesterase 4D (PDE4D) (12) or soluble guanylate -b1) (fig. S1B ) into a subpopulation of neural progenitor cells at embryonic day 18 (E18). We found that cortical neurons expressing the siRNA against either PDE4D or sGC-b1 exhibited impaired radial migration to the cortical plate (CP) in E21 embryos ( fig. S4 , A to C). Whereas most neurons had a single-neurite (unipolar) or two-neurite (bipolar) morphology in control E21 rat embryos, a large percentage of PDE4D or sGC-b1 siRNA-expressing neurons were multipolar (fig. S4, D and E) . The polarization defects correlated positively with the level of siRNA expression ( fig. S4, F to H) . Similar polarization and migration defects were also observed for PDE4D or sGC-b1 siRNA-expressing neurons in postnatal day 0 (P0) rat cortices ( fig. S5) . Thus, elevating cAMP and reducing cGMP produced similar defects in developing cortical neurons in vivo. However, whether there is a causal relationship between the tightly linked processes of neuronal polarization and radial migration during this stage of development and whether cAMP/ cGMP signaling is involved in both processes remain to be further elucidated.
Local cAMP elevation causes long-range cAMP suppression. The reciprocal regulation between cAMP and cGMP could facilitate neurite differentiation along the axonal and dendritic route when cAMP and cGMP are locally elevated, respectively. To examine how this local cAMP/ cGMP elevation affects the global cAMP/cGMP signaling of the entire neuron, we manipulated a glass bead coated with forskolin (SOM text) into contact with an undifferentiated neurite of hippocampal neurons expressing the FRET reporter for cAMP or PKA activity. We found a marked and persistent increase in cAMP or PKA signals at the bead contact site (Fig. 4, A (Fig. 4, A , Ba, and Bb, and fig. S6 ). The apparent spread of cAMP/PKA activity along the neurite was not caused by the diffusion of forskolin extracellularly, because no signal was observed when the forskolin-coated bead was placed in close proximity (<2 mm) but not in direct contact with the neurite (fig. S6 ). After the forskolin-bead contact, we observed a striking reduction of cAMP/PKA signals in all other neurites (Fig. 4, A , Ba, and Bb, and fig. S6 ), with increasing extent of reduction and a longer delay of onset at more distal locations. In a reciprocal manner, in cells expressing the cGMP reporter cGES-DE5, the cGMP signal was reduced at the forskolin bead-contacted neurite but increased in all other neurites, with a pattern exactly mirroring that of cAMP/PKA (Fig. 4Bc) .
When similar experiments were done using a glass bead coated with the membrane-permeable cGMP-AM (acetoxymethyl ester), we found a local elevation of the cGMP signal and a reduction of the cAMP/PKA signal at the bead-contacted neurite, but a complete absence of any long-range effect on either cGMP or cAMP/PKA in all other neurites (Fig. 4C and fig. S6 ). Because the cGMP-AM bead also induced a local cAMP/PKA reduction, the lack of effect in other neurites indicates that the longrange cAMP signaling is unidirectional, triggered only by cAMP elevation. The existence of longrange self-down-regulation of cAMP but not cGMP immediately suggests a mechanism for the formation of one axon and multiple dendrites: Axon induction by local cAMP elevation leads to suppression of axon formation and promotion of dendrite formation at all other neurites, whereas dendrite induction by local cGMP elevation has no longrange effect.
Differential growth regulation by cAMP and cGMP. Polarization of cultured hippocampal neurons begins with growth acceleration of a single undifferentiated neurite (1, 2, 4, 21) , suggesting that axon initiation may be achieved by signals acting directly on specific cytoskeletal components (35) (36) (37) that accelerate neurite growth. Differential growth regulation may contribute to the antagonistic action by cAMP and cGMP on axon/dendrite differentiation. We thus examined the effect of global manipulation of cAMP/cGMP activities on the growth of undifferentiated neurites and axons/dendrites. Bath application of various pharmacological agents at 2 hours after cell plating and neurite length measurements at 9 hours showed that global cAMP elevation (with forskolin) or cGMP reduction (with ODQ) enhanced the growth primarily of one or two neurites (Fig. 5A) , whereas global cGMP elevation (with 8-pCPT-cGMP) or cAMP reduction (with SQ-22536) resulted in relatively uniform growth promotion of all neurites (Fig. 5A) . The asymmetry in neurite growth promotion by cAMP elevation may reflect the dominance of a single neurite that first acquired the highest cAMP elevation, together with long-range self-down-regulation of cAMP that suppressed the growth of most other neurites. By 48 hours after plating, global elevation of cAMP (or reduction of cGMP) increased the axon length but reduced the dendrite length, whereas global elevation of cGMP (or reduction of cAMP) had opposite effects (Fig. 5B) , consistent with cAMP/cGMP antagonism. These results also suggest that axon and dendrite growth involve cAMP-and cGMP-dependent activation of specific cellular components, respectively.
Discussion. Many extracellular factors known to regulate neuron polarization, including brainderived neurotrophic factor (BDNF) (8, 12) , nerve growth factor (NGF) (9), Sema3A (38), netrin-1 Wnt (11), and laminin (6, 7) , could modulate the cAMP or cGMP level in neurons (12, (38) (39) (40) (41) (42) (43) . Localized exposure to one or more of such factors may create a cytoplasmic asymmetry for axon/dendrite initiation. Perturbation of the cAMP/cGMP level resulted in neuronal polarization defects in the developing cortex (figs. S4 and S5), but the cAMP/cGMP-modulating extracellular factors that are responsible for polarizing the neurons in vivo remain to be identified. In a model for distinct actions of local versus global cAMP/cGMP signaling ( fig. S7) , we propose that axons and dendrites are induced via localized cAMP and cGMP signals, and local antagonistic interactions between cAMP and cGMP pathways ensure that axon initiation is accompanied by the inhibition of dendrite formation, and vice versa. The cAMP signal acts through phosphorylated LKB1 (12) and GSK-3b (8, 16) and their downstream effectors, which may converge with the PI3K pathway at several levels to promote axon initiation (15, 19, (44) (45) (46) , whereas the cGMP signal suppresses axon formation via reciprocal down-regulation of cAMP/PKA-dependent phosphorylation of LKB1 and GSK-3b (Fig. 3) , as well as specifically promotes dendrite growth (Fig. 5 ) via cellular processes yet to be identified ( fig. S7 ).
Long-range inhibitory signaling in neurons has been reported. Local contact of a neurite with a target cell (47) or laminin-coated surface (6, 7), or local perfusion of a neurite with forskolin (48) , all led to growth inhibition of distant neurites. This inhibitory effect may be caused by the long-range self-suppression of cAMP, although the mechanism underlying this long-range cAMP selfantagonism remains to be elucidated. The absence of long-range signaling resulting from local cGMP elevation suggests the framework of axon dominance signaling in the coordinated axon/dendrite differentiation; whereas local cAMP/cGMP reciprocal regulation helps to channel the differentiation process along either an axonal or dendritic route, the long-range cAMP self-suppression ensures the formation of only one axon. Phase transitions of adsorbed atoms and molecules on two-dimensional substrates are well explored, but similar transitions in the one-dimensional limit have been more difficult to study experimentally. Suspended carbon nanotubes can act as nanoscale resonators with remarkable electromechanical properties and the ability to detect adsorption at the level of single atoms. We used single-walled carbon nanotube resonators to study the phase behavior of adsorbed argon and krypton atoms as well as their coupling to the substrate electrons. By monitoring the resonance frequency in the presence of gases, we observed the formation of monolayers on the cylindrical surface, phase transitions within them, and simultaneous modification of the electrical conductance. F ilms of atoms or molecules adsorbed on surfaces exhibit many kinds of ordering that reflect interactions between the adsorbates as well as with the surface. One of the simplest model systems, rare gases on bulk exfoliated graphite, exhibits a huge range of twodimensional (2D) phenomena within the first adsorbed layer, including 2D melting, transitions between solids that are either commensurate or incommensurate with the graphene lattice, and critical behavior (1, 2) . Here, we explore the phase behavior of argon and krypton on carbon nanotubes, where the dimensionality of the substrate approaches the 1D limit, and report effects on the electronic conductance that reflect adsorbate-substrate interactions. We map out this phase behavior using nanomechanical resonators based on individual suspended single-walled nanotubes (SWNTs) (3) (4) (5) (6) . This platform combines remarkable electrical (7-9) and electromechanical (10) (11) (12) properties with extreme mass sensitivity (13) (14) (15) and allows simultaneous measurement of both the precise amount of adsorbed substance and its effect on the electrical
